Microsystems designed for cell-based studies or applications inherently require fluid handling. Flows within such systems inevitably generate fluid shear stress (FSS) that may adversely affect cell health. Simple assays of cell viability, morphology or growth are typically reported to indicate any gross disturbances to cell physiology. However, no straightforward metric exists to specifically evaluate physiological implications of FSS within microfluidic devices, or among competing microfluidic technologies. This paper presents the first genetically encoded cell sensors that fluoresce in a quantitative fashion upon FSS pathway activation.
Introduction
Fluid flow is an essential feature of every microsystem involving cell handling, culture or sorting. The particular application determines the relevant flow rates used in a device.
1 One way to characterize microfluidic technologies is by virtue of their operational flow rate and experimental duration. There is a whole gamut of devices which operate at high flow fluid rates for short durations, such as high-throughput cell sorters, 2 inertial-force devices 3 and droplet-based microsystems. 4 Such devices commonly use non-adherent cells, or adherent cells maintained in suspension, because cells are meant to have short residence durations within the device. In another flow regime, many devices are meant to apply very low flow rates for long durations. Typical examples of such microfluidic devices are those used for long-term static 5 or perfusion cell culture. 6, 7 Flows inevitably generate fluid shear stress (FSS) that may cause undesirable physiological cell stress. In the 'short-butintense' flow category of devices, cells experience large FSS (~100-1000 s dynes cm −2 ) for a short duration (millisecondsseconds). For the other category of 'prolonged-and-gentle' flowbased devices, cells experience lower FSS (0.001-10 dynes cm −2 ) for long durations (~hours-days). Several other microfluidic technologies fall in between these two extremes, where cells could experience moderate shear stresses (~10-100 s dynes cm −2 ) for moderate durations (~minutes-hours). The choice of fluid flow conditions (FSS intensity and duration) may not only depend on the device application, but also on the chosen cell phenotype.
1 Fluid shear stress may not always be detrimental to cell health because in some cases it is required for beneficial outcomes such as endothelial cell maintenance. 8 Nevertheless,
in the context of cell-based microsystems and technologies, shear stress is generally viewed as a stress stimulus. It is in fact challenging to quantify how intentionally or unintentionally imparted FSS may affect cell physiology. Cells demonstrate a complex combination of responses towards external stress stimuli. The exact set of cellular decisions depends on the bio-chemical and bio-physical cellular environment, the cell type, as well as on the type, intensity, and duration of the applied FSS. 9 Often, particle velocity profile or energy dissipation rate calculations/measurements are presented to first estimate the FSS profile around the cellular microenvironment. 10, 11 The consequent impact on cell physiology is typically reported via assessments of calcium uptake, 11 protein production, 12 gene expression, 6, 13 morphology, 11 proliferation, 14 migration, 15 cell adhesion 16 or viability. 17, 18 However, there are notable limitations of these approaches. Currently reported assays can either be too general such as in the measurement of calcium signalling, growth rate, adhesion or viability where the results may not directly point towards pathology specifically induced by shear. On the other hand, more specific assays of protein or gene expression can be technically difficult and are therefore rarely reported. The underlying challenge is that to achieve molecular specificity, one has to compromise the convenience of measurement and also develop sophisticated strategies for cell collection, handling and post-processing needed for standard assays. Furthermore, as there is no current 'standard metric' for quantifying physiological shear stress in microsystems, the choice of defining and using a relevant assay becomes subjective. Hence, there is currently no straightforward way to compare platforms to each other for evaluating cell physiology.
To address this challenge, we have developed a methodology that combines molecular specificity with a simple and convenient assay. Here we introduce a cell-based sensor intended for use by the microsystems community for evaluation of FSS effects on cells. The cell sensor connects applied stress exposure to shear stress pathway activation, subsequent gene expression, and finally fluorescence. The sensor allows for a visual and non-destructive assessment of gene expression through quantitative fluorescence using commonly available equipment and without requiring additional reagents, large numbers of cells, or overly sophisticated microscopy. We present the development and characterization of this cell sensor along with use of the sensor in an inertial microfluidic device.
Results

Chemical induction of the shear-stress pathway
We chose to develop a transcriptional reporter primarily because changes in gene expression present a reasonable balance between molecular specificity and the later downstream changes in cell physiology that dictate morphology, proliferation and viability. Examining upstream signalling (Ca ++ , phosphorylation) allows for faster readout but has less specificity (Ca ++ ) or is more technically challenging (phosphorylation via genetically encoded sensors 19 ). To minimize assay complexity we chose a visual reporter (assayed via flow cytometry or microscopy) rather than assaying expression with quantitative RT-PCR (which typically requires off-chip processing). This approach also allows for simultaneous monitoring of other observable parameters under microscopy (such as, cell morphology, proliferation, etc.) that can complement as generic markers of overall cell health.
Further, rather than develop the reporter in primary endothelial cells, which are the common model for studying FSS, 20 we used a common cell line that would be easy for microsystems engineers to culture and also easy to genetically manipulate. In this work, the shear stress sensor is embedded within NIH3T3 cells, which are mesenchymal cells that are known to show a response to FSS. 21 Fluid shear causes a complicated mechanotransduction response which is highly dependent on its intensity, duration and profile (laminar/turbulent/pulsatile/oscillatory etc.). To the best of our knowledge, there is no single pathway or gene known to be induced exclusively due to fluid shear stress. We thus first investigated shear pathway activation in NIH3T3s to determine an appropriate node at which to target our sensor. Our goal was to create a sensor that would be sensitive to the short-duration shear stresses commonly found in microsystems, which could be applicable for high-throughput sorters as well. This motivated the need to specifically focus on genes induced by short-term FSS (min-h duration). We further focused on genes induced by laminar shear stress, as laminar flows are prevalent in microfluidic environments. With this context, we screened for genes that had an immediate-early response to FSS, as those would capture the FSS induced stress in short term experiments. We thus chose as a gene panel: PDGFA, MCP-1, c-Fos, EGR-1, PDGFB and TF, ICAM-1. 22 These genes have known shear stress response elements within their promoters, suggesting an ability to be upregulated by FSS. 23 Representative genes from other stress pathways such as DNA damage and heat shock pathways were chosen as p53 and HSF1 in order to assess cross-talk between FSS and other cell stress pathways. As a convenient chemical surrogate to induce shear stress pathway activation and help determine an appropriate node to target for our shear sensor, we chose to induce the PKC-MAPK-ERK pathway, which is part of the shear stress response pathway, using the small molecule phorbol myristate acetate (PMA). It is known that short-term FSS generates reactive oxygen species that act upon redox-sensitive signalling kinase PKC. 24 To mimic this mechanism and its downstream transcriptional activation, PKC is commonly activated through PMA treatment. [25] [26] [27] Upon PMA treatment, we found that EGR-1 and c-Fos were significantly upregulated ( p < 0.05, Fig. 1 ). This makes sense because PMA can trigger upregulation of both c-Fos and EGR-1 genes through their common upstream PKC-ERK pathway. 28, 29 PMA is also known to trigger EGR-1 replacement of transcription factor SP1 from its binding site in the PDGFA promoter, in a manner similar to the mechanism proposed for shear-dependent up-regulation for that gene. 30 We found no significant induction of HSF1 or p53, representative of other cell stress pathways. Complementary serum-induction experiments, which target immediate-early pathway induction, also illustrated upregulation of EGR-1 and c-Fos (Fig. S1 †) .
From these experiments, we chose to target EGR-1 transcription for our shear stress sensor. EGR-1 expression can occur within minutes, 31, 32 making it suitable as an immediate induction sensor. Its sensitivity has been reported in a variety of cell types experiencing shear stress, 33, 34 thereby making its promoter a suitable candidate to report on shear stress, that also has applicability to other phenotypes. Also, in contrast to c-Fos, EGR-1 is known to be stimulated with mechanical injuries and stresses in endothelial cells.
33,34
Sensor creation
In order to pick the appropriate section of the EGR-1 promoter to include in our sensor, we took advantage of prior work using promoter deletion assays, 35 which showed the highest fold activation (via luciferase reporter assay) with a minimal promoter length of 425 base pairs. Our shear stress reporter plasmid included 527 base pairs of the native murine EGR-1 promoter upstream to its transcription start site. We chose a red fluorescence protein (RFP) as the inducible fluorescent protein. Several versions of RFP exist 36 and we chose
TurboRFP as it had a good combination of being bright and having long expression lifetime. The resulting reporter plasmid had TurboRFP under control of a relevant portion of the inducible EGR-1 promoter and a constitutive antibiotic selection marker. This reporter plasmid was transfected into NIH3T3 cells, which could then be induced to express RFP fluorescence by an appropriate stressor, such as FSS ( Fig. 2A) .
As mentioned previously, PMA, a commonly used agonist to mimic short-term FSS, generates reactive oxygen species that act upon PKC, 26 which can then initiate EGR-1 transcription.
Therefore, after antibiotic selection we verified plasmid functionality by inducing the stably transfected cells with PMA. In comparison to unexposed control cells, PMA-exposed cells exhibited higher population red fluorescence observed both by microscopy and flow cytometry (Fig. 2B ). Using the appropriate flow-cytometry gating (ESI † Methods and Fig. S2 ), we proceeded with PMA induction of the stable parent population and FACS-sorted the induced population into 48 single cell clones. Our goal was to select a clone with the highest fold fluorescence induction of red cells and a high fraction of cells induced. By these metrics, we chose Clone 47, which had the highest increase in percent activated cells (1.8 fold) and highest normalized fold change in the population mean fluorescence (2.14 fold change, Fig. S3 †) among all 48 clones assayed. Subsequent to the first clonal screen, Clone 47 was cultured under low antibiotic selection pressure to maximize the number of sensors having an inducible promoter, thereby ensuring a larger population response to PMA or FSS (ESI † Methods). We maintained these culture conditions for subsequent characterization and FSS experiments. These stable clonal sensors expressed modest background fluorescence, likely due to basal activity of the EGR-1 promoter driving expression of RFP. This basal promoter activity is not surprising, as many tissues are known to constitutively express EGR-1 at low levels, and is consistent with prior work using an EGR-1-based luciferase reporter in NIH3T3 cells. 37 
Sensor characterization
In order to determine the sensitivity and dynamic range of the sensor to PMA, we exposed the cells to logarithmic concentrations of PMA. The maximum induction of the population fluorescence level ( . In evaluating these two potential parameters, we found both to be statistically sensitive to the same range of PMA concentrations (>10 ng ml
−1
). However, the dynamic range in the population mean fluorescence was higher than that from fraction of activated cells. Specifically, the population mean fluorescence could be induced up to 2 fold (Fig. 3A) , whereas the percent activated cells could only be induced around 1.03 fold (Fig. S4A †) . The modest change in percent activated cells arises because the majority (94%) of cells in the clonal population expressed basal RFP even when uninduced, which limits the dynamic range of this metric. In contrast, the entire distribution underwent a rightward shift upon stimulus (Fig. S4B †) , resulting in the 2-fold increase in the population mean fluorescence. Importantly, we observed that the sensor response maintained a normal distribution before and after induction, suggesting a homogeneous population response (Fig. S4B †) undertaken by a majority of cells. This response was consistent over several passages, indicative of robust performance. In fact, the resolution of the metric, computed by the ratio of the dynamic range to the standard error, was higher for the mean fluorescence. Therefore due to its higher dynamic range of induction and improved resolution, assessing the population mean fluorescence was a preferable metric to represent stress. Because our cell sensor population expressed background fluorescence, likely due to basal activity of the RFP-driven EGR-1 promoter, we chose to assess the entire population fluorescence shift from the control to induced population to best capture the induction (ESI † Methods and Fig. S2 ).
We next created a map of the sensor response across PMA concentration and time (Fig. 3B) . The sensor exhibited a graded response, with increasing response at higher PMA concentrations, and time responses that generally peaked at 24 h, in accordance with previous reports of PMA induction of the FSS pathway. 38 The observed dynamics are consistent with those of the TurboRFP protein, which is known to be detectable in mammalian cells after 8-10 hours and fully matures around 22 hours (Evrogen, FP231). The minimum detectable concentration of PMA was 10 ng ml −1 across all timepoints, with a maximum response to a PMA concentration of 100 ng ml −1 . Higher concentrations of PMA had lower fold induction than the 100 ng ml −1 concentration, indicating that the maximum effective concentration of PMA is 100 ng ml −1 , which we chose for subsequent sensor characterization.
To assess the specificity of our sensor we first verified that the sensor is due to the EGR-1 promoter activation. Specifically, we treated untransfected NIH3T3 cells and those transfected with a minimal (non-inducible) promoter plasmid with varying PMA concentrations for 24 h along with the EGR-1 sensor. We found no increase in RFP levels due to FSS pathway activation via PMA in either the untransfected cells or cells transfected with the minimal promoter (Fig. S9 †) . Thus, we concluded that the RFP induction is due to the EGR-1 promoter part of the plasmid. To examine sensor specificity to other stress pathways, we intentionally activated the heat shock and DNA damage stress pathways and measured sensor response. Specifically, we found that while an FSS agonist induced RFP expression, small molecule agonists of these other pathways did not significantly induce the sensor (Fig. S10 †) . Thus, in the context of stresses commonly encountered in microfluidics, the sensor has appropriate specificity.
To assess the specificity of our sensor to PKC-MAPK pathway activation, we used the small-molecule inhibitor PD98059, 39, 40 which has been shown to abolish sheardependent induction of EGR-1 by blocking MEK1 activation of ERK1/2 needed for EGR-1 transcription. 35 We found that addition of this inhibitor significantly reduced the induced fluorescence response in a dose dependent manner, and significantly abolished the induction at 75 μM concentration ( p < 0.05, Fig. 3C ). We also used the small-molecule inhibitor staurosporine that blocks PKC activation needed for a FSS response, 41 and found it to indeed block RFP induction due to PMA ( p < 0.05, Fig. S5 †) . Then we pretreated our cells with both these inhibitors at their potent concentrations and again observed no significant RFP induction due to PMA (Fig. S6 †) . Taken together, these inhibition studies demonstrate that PMA is inducing RFP through the PKC-MAPK pathway rather than via a non-specific means, thus confirming the specificity of the induction mechanism of our cell sensors. Next, we evaluated the sensitivity of the sensors to FSS. We fabricated a simple parallel-plate PDMS-on-glass microfluidic culture device (Fig. S7 †) using standard softlithography techniques. After introducing cells into the device and allowing them to attach, we perfused them at different levels of FSS and recovered the cells for assay via microscopy and flow cytometry (Fig. S8 †) . As controls, we used cells in petri dishes and cells from devices without perfusion. Interestingly, we found no observable change in commonly assayed gross parameters of cell health, such as cell adhesion, morphology, alignment between control and exposed cells (Fig. 4A) . However, when analysed under flow cytometry, we observed induction in population mean fluorescence between the device and dish control as well as between the device control and perfused cells (Fig. 4B) . Importantly, this and subsequent data compare between cells in devices that were exposed to FSS versus cells in devices not exposed to FSS. Any potential RFP induction due to on-chip culture, etc., would be equally applicable to the two device populations and any remaining induction would be that due to FSS alone. This ensures that the experiments assessed the effect of FSS only upon cells. These results highlight the utility of using ), Pe~2300 and the ratio of Pe/Da II~9 00, indicating convection-dominant flow. Since these nondimensional numbers scale linearly with the channel fluid velocity, all higher FSS conditions would also be convection-dominated. These calculations confirm that our sensor response would likely be due to convection-dominant shear activation with the chosen FSS range. We normalized induced fluorescence of perfused cells to those in devices without perfusion in order to isolate RFP induced by FSS . The shortest duration we tested was 30 seconds, which we found to induce a small but statistically significant induction ( p < 0.05). All longer durations of flow also resulted in significant inductions, with a maximum induction at 45 minutes of flow, which decreased at 60 min duration. The EGR-1 gene follows immediate-early induction dynamics that peaks around 30 minutes and then decreases in expression levels afterwards. Since we used the native EGR-1 promoter, this may explain the decreased expression at 60 min. Taken together, the characterization of our cell sensor sensitivity to FSS intensity and duration verifies the ability of our sensor to respond to the actual levels of FSS found in many microfluidic devices.
Since many microsystems naturally use microscopy-based measurement, we investigated if sensor response could be quantified using microscopy. We added a whole-cell stain to the cells to allow masking and quantification of per-cell fluorescence using methods similar to Desai et al. 43 ( Fig. 6A ).
Cells exposed to FSS and PMA had fluorescence significantly higher than static controls (Fig. 6B) , and similar in magnitude to those obtained by flow cytometry. These results highlight that the sensors can be adapted to microfluidic applications that employ microscopy-based readout.
Case study: shear stress in a microfluidic margination device Our primary motivation for creating the sensor is to use it to evaluate FSS in various microfluidic systems. One interesting class of devices uses high flow rates, such as inertial microfluidic devices and microfluidic margination devices used for sorting cells. 3 Cells in inertial microfluidic systems experience shear and normal stresses acting on the surfaces that generate drag and lift forces. 44, 45 In Poiseuille flow, a shear gradient-induced lift force pushes cells away from the center of the channel towards the wall until the force is balanced by an opposing wall-induced lift force. The equilibrium force balance positions the cells in focused streams around the channel perimeter. 18, 44 In such equilibrium positions, cells are free to move and rotate with the fluid which may minimize cell deformations, and supposedly any adverse effects on cell health. To support this statement, several researchers have performed viability studies to show that the cells remain highly viable after traversing such environments. 17, 18, 46, 47 Although forces at equilibrium may be minimal, transient shear forces of substantial magnitude may act on cells during the movement to equilibrium, which can impact their physiology. Researchers have specifically investigated such 'shortbut-intense' FSS effects on non-adherent CHO cell viability within a single-pass high-shear microfluidic device, 48 but did not investigate any sub-lethal stress-induced changes. We decided to investigate whether this operating regime could induce the shear stress pathway in an margination device. 3 The dynamic flow profiles in the inertial devices are not straightforward to calculate analytically. Without having to model the intricate flow profile of this device, we estimated the average wall shear stress in the device and used it as a parameter to assess our sensor response. In the fabrication of such devices, we created modified outlets just after the high-shear region such that we only assess the influence of that part of the device (Fig. 7A ) and compared to cells that transited through a similar setup without device (Fig. 7B) . After overnight culture we assessed our sensor fluorescence response as a function of multiple flow rates using flow cytometry. We normalized the fluorescence expression of cells that had gone through the device to the control cells (no device, just tubing).
We found that exposing sensor cells to flow rates at or above 90 μL min −1 led to significant inductions of~1.2 fold ( p < 0.05, Fig. 7C ), whereas a flow rate of 60 μL min −1 did not induce significant fluorescence. The corresponding wall shear stress at 90 μL min −1 was 700 dynes cm −2 , with total transit time through the high-shear region of about 5.3 ms. In principle, after focusing into the low shear streamlines, the cells should not experience further FSS, and the FSSinduced signal should arise from the local/transient shear experienced in the part of the device where the flow is not fully developed. Our results here indeed demonstrate that such transient FSS conditions activate FSS pathway in our sensors. In this manner, our sensor reports 'local' shear profile of a device as an integrated response, which is sensitive to the flow conditions. Furthermore, to the best of our knowledge, these results provide the first evidence of FSS pathway activation within an inertial microfluidic device. Additionally, these results suggests that the cell sensors, though developed in an adherent cell line, can be used to characterize acute FSS while being used in a non-adherent 'flow-through' fashion.
Discussion
In this paper we present a genetically encoded live-cell sensor that provides information on shear-stress pathway activation via expression of fluorescence. This ability eliminates the need for disruptive cellular processing and does not require any additional reagents for fluorescence assessment. This sensor provides a convenient alternative to techniques requiring to study global gene expression via sequencing or DNA microarrays to assess cell physiology, 13 and also offers an extra, more specific, dimension of information about cell heath alongside common live-cell measurements of morphology, growth rate and viability that are typically performed in evaluating microtechnologies for their impact on cell health. One of the main contributions here is the successful development of the first cell-based shear-stress sensor based on quantitative fluorescence. Our transcriptional sensor is based on immediate-early gene expression that retains specificity to FSS-pathway activation and also maintains sensitivity to short-term FSS in microsystems. Choosing a transcriptional sensor presents a balance between specificity and dynamics. For example, a sensor targeting upstream signaling (calcium activation, phosphorylation, etc.) would allow for almost immediate readout, but have even lower specificity and, may require more elaborate instrumentation (ratiometric imaging) that is not common in the user community. Alternatively, events further downstream such as cell alignment to flow may require continual exposure to FSS, which limits the use space of the sensor. Immediate-early genes activation represents a balance between specificity, experimental complexity, and temporal response. 49 Any transcriptional sensor based on a single node will have limited specificity. For example, many shear-responsive genes are downstream of MAP kinase activation, 50 for example EGR-1 is downstream of MEK-ERK1/2, c-fos is downstream of MEKK-JNK and KLF2 is downstream of MEK5/ERK5. 51 Therefore agonists that activate common upstream pathways (such as mitogens, inflammatory cytokines and reactive oxygen species) could also induce the shear-responsive genes through common upstream pathways. We performed experiments examining common cross-reactivity (Fig. S10 †) and did not find substantial reaction to DNA damage and heat shock. However, it is possible that other stressors that upregulate EGR-1 transcription, or its upstream events in a manner similar to FSS, could induce our sensor. Thus, proper usage of the sensor in turn requires a specific context, such as comparison of conditions where only FSS is the varying stimulus (e.g., Fig. 4B, 5A, B) . In the context of EGR-1 based shear inductions, prior efforts have been made on constructing transiently transfected HeLa cells which increase luciferase activity upon shear. Specifically, Schwachtgen and others reported normalized luciferase inductions of 4.5-6 luciferase fold over a comparable range and duration of shear stress. However they noted a large variance in expression levels, 35 and only transiently infected the plasmid in the cells. Use of a stable cell line can allow for nearly infinite propagation and therefore, the ability to maintain shear stress sensitivity. Additionally, embedding the sensor into NIH3T3 cells strikes a balance as the cells are neither cancerous (and thus would have dramatically altered physiology) nor a primary cell line (which cannot typically be propagated in culture and is difficult to genetically engineer). Also, successful fluorescence induction and its correlation to applied chemical or FSS stimuli, along with inhibition experiments, validated the specificity and sensing ability of our cells. In terms of their performance, our cell sensors were able to reveal subtle FSS-induced physiological stress through their fluorescence expression. For example, the FSS characterization in the laminar-flow device (Fig. 4) is an example of applying shear stress that does not result in gross morphological changes in the cells, but still activates the shear-stress pathway, resulting in quantitative fluorescence changes. The ability to uncover subtle but significant FSS-induced stress pathway activation with a convenient assay illustrates the utility of our cell sensors.
Our sensor response to FSS is in coherence to what has been reported in literature. 38 With half-hour flows, our sensors can detect FSS as low as 2 dynes cm
, with maximal response at 32 dynes cm −2 , which was the highest tested condition. However, since our sensors integrate the FSS response to a given intensity over the applied duration, their sensitivity, operating range, and limit of detection is contingent upon the overall flow exposure in a particular device environment. Moving forward, one possible approach to enhance the sensor sensitivity would be through optimizing inducible promoter region. It is important to note that shear stress pathways are complicated and the complex interplay of between shear stress response elements in shear sensitive gene promoters has not been fully elucidated. 52 However we anticipate that careful construction of the promoter using a concoction of shear inducible elements could develop the sensitivity for finer resolution sensing of shear induced pathway activation.
To extend the applicability of our sensor, we were interested in characterizing its response to scenarios where cells are used in a flow-through fashion, instead of being used in adherent culture. As an example of a use case for the sensor, we examined whether a common inertial microfluidic device would cause FSS-induced fluorescence induction (Fig. 7) . Although cells in these devices may transiently experience high shear before equilibrating into low-shear streamlines, 45 such effects have not been previously explored and may not be significant enough to affect viability, which is a typical assay performed to investigate cell health in inertial microfluidic devices. 18, 46, 47 Such sub-lethal FSS-induced effects are of high relevance to overall cell health. For instance, sub-lethal FSS is known to induce numerous changes in intracellular molecular and pathway activation in adherent endothelial cells, 53 and is also reported to affect protein production, signalling pathways, glycosylation and cell membrane integrity of a variety of non-adherent cells. 54 In spite of its importance, there is minimal knowledge on the sub-lethal high FSS experienced in inertial microfluidics and therefore, its relevance on cell health. Our finding that 'short-but-intense' FSS can indeed induce FSS pathway activation is the first evidence of such FSS-induced stress pathway activation in inertial microfluidic devices.
We have distributed the reporter plasmid in Addgene for users wishing to create the sensor in different background cells, and will provide the cells upon request to interested users. We anticipate potential users to culture our cellsensors in their microenvironments and devices to evaluate the physiological impact of their operational procedures. For example, reference cell population fluorescence levels could be established based on cell culture and handling protocols and would be used as a control for the post-experimental fluorescence levels. If the cells could be recovered from the device in adequate numbers (1000s), they could be cultured and assessed using flow cytometry (as done for Fig. 7 ). Alternatively, smaller numbers of cells (100s) could be imaged in a device to attain a quantitative response to the FSS conditions (as done for Fig. 6 ). It should be noted however, that the exact number of cells required in establishing significance of results would depend not only on the statistical methodology used, but also on the experimental context, systematic error of the assay, and biological variance (see ESI † note for details). Hence, it would be recommended to establish an understanding of the variance arising from all such factors while using our sensors. While a particular fluorescence level may not necessarily be absolutely good or bad, the relative levels between the control and post-experimental state would give users an idea about potentially stressful operating conditions. Mapping our cell sensor response to a variety of device operating conditions will then allow microfluidic engineers to design and compare platforms for desirable cell physiological states.
Conclusions
Cell handling, culturing and processing requires fluidic flows within microsystems that inevitably generate shear stress and potentially harm cells. We have created an EGR-1 based cellsensor that fluoresces in response to shear stress as a way to assess the physiological impact of FSS within microfluidics using quantifiable fluorescence in a simple, reagent-free assay. We assayed the performance of the sensor using chemical induction of the shear pathway (verifying functionality), and also by perfusion at various FSS conditions (verifying shear sensitivity). Additionally, we demonstrated its applicability for both long-term (~h) and short-term (~ms) shearinduced activation in a variety of microsystems. In particular, the sensor cells were inducible in the high flows found in a microfluidic margination device, illustrating the utility of the technology. 
Materials and methods
Cell line construction
The promoter region was chosen as 527 base-pairs upstream of the transcription start site of the native murine EGR-1 promoter (GeneBank ID: NM_007913.5). Using this sequence, an EGR1-pTurboRFP plasmid was synthesized by Genewiz Inc., and deposited in Addgene (52306). Cells were transfected with the recommended protocol of NIH3T3 cells, using the Superfect transfection reagent (Qiagen, 301305). Constitutively expressing RFP plasmid (Evrogen, FP231) was used as a positive control, and untransfected cells as a selection control. Transfected cells were incubated overnight and then exposed to antibiotic selection (G-418) at 1 mg mL −1 for 7 days. Clonal screening was performed with the first culture of each single cell clone which had not been expanded under antibiotic selection, in order to assist in clonal growth. This chosen clonal population was subsequently cultured under low antibiotic selection (G-418 at 200 μg ml −1 ) to maintain sensor functionality.
Chemical inductions
For PKC-MAPK induction of NIH3T3s, cells were seeded in 12-well plates to reach 80% confluence over 24 hours. They were exposed for 2 h, following by washing with regular culture media. Cells were lysed immediately for qRT-PCR. For comparing clones of the parent population, clones were serum starved using serum free media (0.15% serum) and treated with regular media with PMA at 100 ng ml −1 for 24 h before flow cytometry analysis. Chemical induction and characterization of the chosen clone was performed by incubation with respective concentrations of PMA (diluted with media) for 24 h, with control cells incubated with media alone. For cross-sensitivity analysis cells were exposed to 4 h of methylmethanosulfate (for DNA damage) in serum free media for various concentrations, with controls treated with serum free media for 4 h only. Cells were treated with varying concentrations of sodium arsenite in normal cell culture medium for 30 minutes to activate heat shock pathway.
MEK and PKC inhibition
Cells were seeded overnight in culture dishes in regular culture media. The media was then replaced with the respective concentrations of PD98059 (Sigma Aldrich, P215), or staurosporine (Sigma Aldrich, 62996-74-1) for 30 min. The supernatant was then replaced without washing cells, to media containing PMA at 100 ng ml −1
. The cells were in this condition for 1 h before the cells were washed with media and then incubated with the same overnight prior to flow cytometry analysis. Cells treated with inhibitors and PMA were compared to populations induced with PMA only.
Quantitative RT-PCR
Cellular mRNA was extracted from the collected lysate using Qiagen RNeasy Micro kit (catalog #: 74004) using its recommended protocol. 1 μg mRNA was measured for conversion to cDNA using random hexamer primers (DyNAmo cDNA synthesis kit, Thermo Scientific, F-470L). We performed realtime qPCR (Bio Rad CFX96) using the Bio-Rad iQ SYBR Green Supermix (170-8882) according to the recommended protocol. Gene expression profiles were quantified and normalized relative to GAPDH expression using its standard curve. See ESI Methods † for the PCR primers.
Microfluidic device fabrication and operation
The microfluidic culture devices were cast in PDMS from a mold (Fineline Inc.). Each device consisted of 8 chambers (20 mm length × 2.5 mm width × 0.15 mm height, ESI † Fig. S7 ). Each device was plasma-bonded to a borosilicate glass slide. Subsequently, a 5% APTES solution (Sigma Aldrich, 440140) in pure ethanol was introduced for 5 min and rinsed 5× with pure ethanol and 10× with DI water. A 6% aqueous solution of glutaraldehyde (Sigma Aldrich G5882) was introduced for 5 min and rinsed 10× with water. A 0.1% aqueous gelatin solution was introduced for 30 min and subsequently, cell culture media was introduced into each chamber to prime the device. The entire disconnected device was stored in a cell culture incubator for 16-24 h to equilibrate the device with media constituents and the cell culture environment. Cells in suspension (5 × 10 6 cells ml −1
) in media were introduced into each chamber. The device with cells was placed in an incubator for 24 h.
For perfusions, chambers experiencing flow were connected to media containing syringes mounted on a syringe pump. Reference controls consisted of cells in devices experiencing no flow and static controls consisted of cells in culture dishes. For characterizing sensitivity to FSS intensity, 30 min perfusions were performed (Fig. 5A) . For characterizing sensitivity to FSS durations, 16 dynes cm −2 of FSS was applied within devices (Fig. 5B) . Following perfusion, Tryple Select 10× (Life Technologies, A12177-01) was used to remove cells. The recovered cells were then transferred to 12-well culture plate with culture media for overnight culture prior to flow cytometry analysis. For the inertial microfluidic device, cells in suspension (5 × 10 4 cells ml −1 ) were used either for direct collection from syringe pump as control, or through the device under various flow rates. Total volume collected was approximately 1 ml in each case. Recovered cells were cultured overnight prior to flow cytometry analysis on the following day.
FSS calculations
We assumed that cells in the culture devices experience the wall shear stress in a parallel plate flow chamber according to FSS  6 2 Q h w , where η is the DMEM viscosity (0.84 Pa s at 37°C), Q is the volumetric flowrate, h is the channel height, and w is the channel width.
Quantitative imaging analysis
Cells were seeded and perfused in devices accordingly to Fig. 6 , with some treated with PMA (100 ng ml −1 , 24 h) on-chip. After 24 h, all cells were stained with Cell Tracker Blue (Life Technologies, C2110) according to manufacturer's protocols for 15 min. Devices channels were washed twice with PBS and cells were imaged using blue and red fluorescence channels. The blue channel was thresholded to create a binary mask and the red intensity was quantified within each cell area after background subtraction.
Flow cytometry
Cells were analyzed using BD LSR II HTS flow cytometer using PE-TexasRed-YG-A filter (ex: 561 nm, em: 610 nm, BW: 20 nm) with a FITC reference (ex: 488 nm, em: 530 nm, BW: 30 nm). The mean RFP fluorescence of the positive population was divided by that of the uninduced population and was termed as the normalized fold RFP induction (ESI † Methods and Fig. S2 ).
Statistical analysis
Student's unpaired t-test was used to compare three independent induction conditions to independent controls. For FSS data, we performed ANOVA tests among the biological and device replicates of each condition and found no statistical difference among them and found statistical differences of the same against static controls. To validate positive correlation (increase in signal with increasing FSS) we performed linear regression analysis and found the slope to be positive and statistically significant ( p < 0.05). For all analysis: *: p-value <0.05; **: p-value <0.01 ***: p-value <0.001.
